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Selective ion transport is a hallmark of biological ion channel behavior but is a major challenge
to engineer into artificial membranes. Here, we demonstrate, with all-atom molecular dynamics
simulations, that bare graphene nanopores yield measurable ion selectivity that varies over one
to two orders of magnitude simply by changing the pore radius and number of graphene layers.
Monolayer graphene does not display dehydration-induced selectivity until the pore radius is small
enough to exclude the first hydration layer from inside the pore. Bi- and tri-layer graphene, though,
display such selectivity already for a pore size that barely encroaches on the first hydration layer,
which is due to the more significant water loss from the second hydration layer. Measurement
of selectivity and activation barriers from both first and second hydration layer barriers will help
elucidate the behavior of biological ion channels. Moreover, the energy barriers responsible for
selectivity – while small on the scale of hydration energies – are already relatively large, i.e., many
kBT . For separation of ions from water, therefore, one can exchange longer, larger radius pores for
shorter, smaller radius pores, giving a practical method for maintaining exclusion efficiency while
enhancing other properties (e.g., water throughput).
Ion transport is vital to physiological processes in the
cell [1–3], where membrane ion channels control ion mo-
tion through the interplay of protein structural transi-
tions, precisely placed dipoles and charges, and dehydra-
tion. Nanotechnologies seek to mimic and exploit the
same physical mechanisms for membrane filtration and
desalination. However, biological systems are complex
and make use of sophisticated assembly methods, ones
that remain difficult to utilize in artificial devices. Recent
work, though, on two-dimensional channels in graphene
laminates demonstrates ion selectivity [4] by constraining
the channel height. One-dimensional channels – pores
– give additional control over the confining geometry,
where, for instance, recent theoretical results [5] show
that experiments on sub-nanoscale, monolayer graphene
pores likely display dehydration-only selectivity [6].
Using all-atom molecular dynamics (MD) simulation
and theoretical arguments, we show that the most fun-
damental of all processes – dehydration of ions – can be
reliably tuned in bare graphene nanopores by control-
ling only the pore radius and number of graphene layers.
This gives rise to selectivity across one to two orders of
magnitude before ion currents drop to unmeasurable lev-
els. This range of achievable selectivities is possible due
to the ability to separately control the pore radius and
length at the nanoscale, i.e., in the regime that influences
the hydration layers via the confinement.
Figure 1 shows how the hydration layers change for
mono- to trilayer graphene pores. As an ion goes from
bulk into the pore, it can not bring its whole hydration
layer with it, but rather some of the water molecules are
blocked from entering the pore. The shedding of some of
the hydration gives a free energy barrier, a simple esti-
mate of which is,
∆Fν =
∑
i
fiνEiν , (1)
where, fiν (Eiν ) is the fractional dehydration (energy)
in the ith hydration layer [7, 8]. The fractional dehydra-
tion depends on the confinement via the pore radius and
length (number of graphene layers), as this reduces the
volume available for water to hydrate the ion. That is,
fiν =
∆ni
ni
≈ ∆Vi
Vi
, (2)
with the total hydration number ni and volume Vi of
the ith hydration layer in bulk and the reduction, ∆ni
and ∆Vi, of those respective quantities in the pore. The
quantity ∆Vi comes from pure geometric arguments –
it is the volume excluded by the presence of graphene
carbon atoms – and the approximation in Eq. 2 agrees
well with the loss of water molecules computed from MD
simulations [shown in Fig. 1(b)]. For narrow pores that
split the hydration layer into two hemispherical caps, one
can use the surface area available for waters to hydrate
the ion, instead of volumes [5, 7, 8]. The Supplementary
Information (SI) contains additional details.
For the radius rp = 0.34 nm pore in Fig. 1(a), this
simple analytic estimate predicts that there should be a
small amount of dehydration in the first layer, increasing
when going from mono- to bi-/tri-layer graphene. For the
multilayer graphene, though, the second hydration layer
is significantly reduced. However, due to the much larger
hydration energy of the first layer [8], both hydration
layers influence the magnitude of the ion currents and
thus the selectivity. Moreover, the contribution to the
dehydration free energy barrier from hydration layer i
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FIG. 1. Dehydration of ions going through multilayer graphene pores. (a) A nanopore through trilayer graphene.
As K+ (red) translocates through the pore, it retains only part of its hydration. In this case, the pore radius is rp = 0.34 nm
and the first hydration layer is essentially complete. The second hydration layer, though, is significantly diminished due to the
carbon of the graphene (gray) preventing the water molecules (cyan and white) from fluctuating about 0.5 nm away from the
ion, except along the pore axis. (b) Water density quantified by its oxygen location around K+ and Cl− ions fixed in bulk
and in the center of mono-, bi-, and tri-layer graphene (shown as grey bars) pores with radius rp = 0.34 nm. The white dotted
circles demarcate the first and the second hydration layers. The first hydration layers remain but acquire some additional
structure. The second hydration layer is greatly reduced (see Fig. 2, and Fig. S2 and Table S2 in the SI). For this pore size, the
free energy barrier due to the second layer dehydration significantly contributes to the ion currents and selectivity. The bi- and
tri-layer graphene are AB and ABA stacked, respectively, but similar results occur for perfectly aligned multilayer graphene.
will “level off” when the length is greater than about
twice its radius, i.e., when part of the hydration layer
can no longer reside outside of the pore.
This is exactly what is seen from free energy computa-
tions using MD. Fig. 2(a) shows the free energy barrier
for K+ and Cl− moving through the pore. Monolayer
graphene interferes very little with the hydration for this
pore radius. To the extent that this membrane dehy-
drates the ions, the remaining water molecule can par-
tially compensate for this effect by more strongly orient-
ing their dipole moment with the ion, see the SI. When
the number of layers increases, however, the energy bar-
riers change in size and shape. For both bi- and tri-layer
graphene, the dehydration is more substantial and, when
accounting for the larger Cl− hydration energy, it starts
to differentiate between the two ions. That is, the rela-
tive barriers are predominantly influenced by the hydra-
tion energies of the different ions. As the confinement
increases – decreasing the pore radius and increasing the
pore length – more water will be lost from the hydration
layers, and ions with larger hydration energies will be
more effectively filtered by the pore and selected against.
Fig. 2(b) shows this effect, i.e., how the dehydration and
free energy barriers increase with increasing number of
graphene layers.
The free energy barriers are the primary factor in de-
termining permeation rates and ion currents. For in-
stance, the current in the pore is related to the free energy
barrier and electric field E according to [8]
Iν = ezνµ
eff
ν EApnνe
−∆Fν/kBT , (3)
where, e is the electric charge, zν the ion valency, µ
eff
ν
the effective mobility in the pore, Ap is the area of the
pore, nν the bulk ion density, kB is Boltzmann’s constant,
and T is the temperature. The factors that contribute
to selectivity are µeffν and ∆Fν (and, to some extent, the
accessible area for transport is ion dependent as it relates
to hydrated ion size. This can be neglected here.). For
atomically thin graphene membranes, one expects that
the effective mobility is ill-defined. Even still, its contri-
bution to selectivity should be of order 1 (for instance,
the ratio of effective mobilities of K+ and Cl− goes from
about 1 in bulk to about 1.2 in α-hemolysin [9]). We can
thus estimate selectivity as
IK
ICl
≈ e(∆FK−∆FCl)/kBT . (4)
This is, however, only an estimate: In addition to the
effects just discussed, the energy landscape has some ion-
dependent spatial structure (which introduces additional
factors into the current), and it changes when a bias is
applied. For instance, the applied field orients the water
dipoles, which can subsequently chaperone ions across
the pore [5]. Eq. 4, though, gives the expected scale for
selectivity.
Using nonequilibrium MD, we directly compute IK/ICl
where possible and use Eq. 4 otherwise. Fig. 3 shows
30
2
4
6
8
10
−1 0 1 −1 0 1 −1 0 1
(a)
∆
F
ν
(k
B
T
)
monolayer
Cl−
K+
diff.
z(nm)
bilayer trilayer
0.0
0.5
1.0
0
10
20
30
40
0 1 2 3 0 1 2 3
f2ν
f1ν
f2ν
f1ν
∆Fν ∆Fν
(b)
f i
ν
rp = 0.21 nm
Cl− K+
rp = 0.34 nm
∆
F
ν
(k
B
T
)
Number of graphene layers
Cl− K+
FIG. 2. Free energy barriers and dehydration. (a) Free
energy barrier versus K+ and Cl− location, z, on the pore axis
as they cross mono-, bi-, and tri-layer graphene pores with ra-
dius 0.34 nm. As the number of layers increases, the energy
barrier becomes more substantial and a difference between
the two ion types appears. (b) Fractional dehydration in the
first and second layer (f1ν and f2ν) for K
+ and Cl−, where the
ion is at the position of its free energy maximum in the pore.
When the pore radius is less than the first hydration layer
radius (about 0.3 nm), then both the first and second hydra-
tion layers lose a substantial amount of their water molecules
(upper left panel). However, with just a slightly larger pore
radius, rp = 0.34 nm, the first hydration layer retains most of
its water but the second layer still loses a significant number of
water molecules (upper right panel). The free energy barriers
(lower panels) will increase with the number of graphene lay-
ers, as a “short pore” interferes less with the hydration than
the longer pores. However, while dehydration is the mech-
anism by which selectivity occurs, water loss is not the sole
predictor of selectivity. As Eq. 1 shows, one also needs the
hydration layer energies. The Cl− ion has a larger hydration
energy and, thus, even for the same fiν , Cl
− will be selected
against. Error bars are ±1 standard error from five parallel
simulations.
the selectivity for pores of radii ranging from 0.21 nm to
0.79 nm in mono-, bi-, and tri-layer graphene. Just as
the above theoretical arguments and free energy simula-
tions indicate, the relative current of K+ increases com-
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FIG. 3. Selectivity of graphene pores. The selectivity,
IK/ICl, is at an applied bias of 1 V, although the perme-
ation rates should follow similar trends. Selectivity increases
as pore radius decreases and when the number of layers in-
creases. Trilayer graphene with rp = 0.34 nm gives a similar
selectivity as monolayer graphene with rp = 0.21 nm. More-
over, if only ion filtration is of interest, then these two pore
sizes can be exchanged. For bi- and tri-layer graphene, we use
Eq. 4 for rp = 0.21 nm, as the currents are too small to reli-
ably determine computationally. Those points have a dashed
line connecting them to the remaining plot. The error bars
are ± 1 block standard error (BSE).
pared to Cl− as the pore radius approaches the hydra-
tion. The magnitude of this selectivity depends on the
pore radius as well as the number of graphene layers. We
note that the pores are electrically neutral and contain
no dipoles. Hence, the selectivity is due to differences in
their hydration energies of the ions. All ion types will
thus display mutual selectivity. We also note that chemi-
cal functionalization of the pore and of the graphene can
modify energy barriers, especially when, e.g., the chemi-
cal groups are strongly polar or charged under some ionic
conditions. When this occurs, the sign of the charge mat-
ters, and anions, for instance, may be excluded from the
pore. Thus, the selectivity between cations and anions
due to a charged pore will be stronger and observable
for larger pores, as seen in Ref. 10. However, the effect
we discuss will never-the-less be present between cations,
where Eqs. 1 and 2 can estimate the selectivity.
The selectivity that is measurable experimentally will
be limited by the minimum resolvable current. The Cl−
current is about 5 pA for the 0.34 nm trilayer pore (see
Table S1 in the SI). Currents as low as 1 pA are mea-
surable in experiments [11]; thus a several fold change
in selectivity should be detectable as the pore size and
length vary. This will enable the experimental extrac-
tion of dehydration energy barriers (via the temperature
dependence of the current) versus the size (length and
radius) of this artificial “selectivity filter”.
4Moreover, this provides a method to control selectivity
beyond just changing the pore radius so that, e.g., other
aspects of the device can be controlled for. According to
Ref. 12, the water flow rate only decreases by about 20 %
when going from mono- to bi- layer graphene when the
pore size is kept constant, and there is no additional inter-
layer spacing. Increasing the number of layers to increase
selectivity (or ion exclusion overall) will not significantly
reduce water flow for applications such as desalination.
Moreover, for a given selectivity or ion exclusion, one can
use a larger pore with more layers, increasing the overall
water throughput (as the area available for transport is
larger) and membrane stability.
These results indicate that to achieve a given selectiv-
ity, one can exchange a rp = 0.21 nm monolayer pore with
a trilayer pore of a larger radius (rp = 0.34 nm). These
pore sizes are both clearly small, but this indicates that,
when dealing with nanostructures, there is flexibility on
how to create the desired ion exclusion. Pore sizes are
controllable with individual pores fabricated with trans-
mission electron microscopes [13–15] and techniques are
under development to fabricate large scale membranes
with precise control [6, 16]. Moreover, we examine only
pores with high symmetry. Varying the aspect ratio and
the shape of the pore can further tune the conductance
and the ion selectivity provided the lateral dimensions
of the pore are on the scale of hydration. In any case,
layering gives an additional, discrete “knob” to tune se-
lectivity and exclusion.
Ion transport through sub-nanometer channels, where
dehydration is inevitable, is a key process in biology.
Ion transport at this scale is also increasingly impor-
tant in applications, such as nanopore sequencing (both
ionic [17–19] and electronic [20–22]), desalination [23] and
filtration [24]. Graphene membranes and laminates, as
well as other atomically thick membranes, are playing
a central role, where selective ion transport and ion ex-
clusion is desired [4–6, 10, 25–27]. Moreover, fundamen-
tal studies demonstrate the possibilities of seeing ionic
analogs of electric phenomena, such as quantized ionic
conductance [7, 8] and ionic Coulomb blockade [28, 29].
Our results form the basis for engineering and un-
derstanding selectivity and exclusion with multilayer
graphene pores, where both the radial and longitudi-
nal lengths can be controlled at the sub-nanoscale level.
This is a feat not easily achievable with other ap-
proaches, e.g., solid state [7, 8] or carbon nanotubes [30–
32] (despite some success in making ultra-thin solid state
pores[33]). Moreover, examining pores with intermediate
pore radii (but “non-circular”) may show that there is a
notion of quantized ionic selectivity, that for, e.g., trilayer
graphene, as the pore radius is reduced, the second hy-
dration layer first gives rise to selectivity, and then the
first layer (see the SI for an extended discussion). Chan-
nel/pore geometry gives a range of possibilities for de-
signing selective pores and experimentally delineating the
role of dehydration (to, e.g., understand more complex
biological ion channels). Chemical functionalization [34]
and other factors give further possibilities for modifying
and engineering selective behavior.
Methods
We perform all-atom molecular dynamics (MD) simu-
lations using NAMD2 [35] with the time step of 2 fs
and periodic boundary condition in all directions. The
water model is rigid TIP3P [36] from the CHARMM27
force field. Bi- and tri-layer graphene has AB and ABA
stacking, respectively. The real-time current comes from
applying a 1 V potential across the simulation cell and
counting the ion crossing events. The free energies are
from equilibrium MD simulations using the adaptive bi-
asing force (ABF) method [37, 38]. The SI contains ad-
ditional details regarding methodology. Movie S1, Movie
S2, and Movie S3 show a K+ ion translocating through
mono-, bi-, and tri-layer graphene pores, respectively.
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I. METHODS
A. All-atom MD simulations
We use multilayer graphene with AB stacking with a C-C bond length of ≈ 0.14 nm and
inter-layer distance of ≈ 0.335 nm. We open a pore of nominal radius rn at the center of each
membrane by removing carbon atoms whose coordinates satisfy the condition (x − xc)2 +
(y − yc)2 < r2n, where (xc, yc) is the center of mass in each graphene membrane. However,
the pore radius, rp, is measured from the inner edge of carbon atoms (taken as their van
der Waals radius) around the pore. The graphene membrane has a square cross-section of
7.2 nm by 7.2 nm, which we immerse in an aqueous KCl solution of concentration 1 mol/L
that extends 5 nm on both sides of the membrane.
We perform all-atom molecular dynamics (MD) simulations using NAMD2 [1] with a
time step of 2 fs and employ periodic boundary condition in all directions. The water model
in our simulation is rigid TIP3P [2] from the CHARMM27 force field (previously, we used
flexible TIP3P [3], which gives similar results but the rigid model allows for more efficient
simulations). Non-bonded interactions (van der Waals and electrostatic) have a cutoff of
1.2 nm, but we perform a full electrostatics calculation every 8 fs using particle-mesh Ewald
(PME) method [4]. We prepare the system using VMD [5] and then equilibrate the system
using NAMD2. The equilibration steps are (1) minimizing the energy of the system for 4000
steps, (2) heating it to 295 K in another 8 ps, (3) a 1 ns NPT (constant number of particles,
pressure and temperature) equilibration using the Nose-Hoover Langevin piston method [6]
to raise the pressure to 101325 Pa (i.e., 1 atm), and (4) a 3 ns of NVT (constant number of
particles, volume and temperature) equilibration.
We use real-time, all-atom molecular dynamics simulations to calculate the ionic current
through the equilibrated system by applying an electric field perpendicular to the plane
of the membrane. We set the Langevin damping rate to 0.2 ps−1 for carbon and water
(via its oxygen atoms) during these runs. We freeze the carbon atoms at the outer edge of
the graphene membrane, but the rest of the carbon atoms in the graphene membrane are
only confined by C-C bonds. We averaged the current for a total time of 50 ns to 150 ns
depending on the pore size and number of layers.
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FIG. S1. Radial distribution functions gKO and gClO with K
+ and Cl− ions in bulk and inside
the mono-, bi-, and tri-layer graphene pores with radius rp = 0.21 nm and rp = 0.34 nm. The bulk
ion concentration is maintained at 1 mol/L in each calculation. There is significant dehydration in
both the first and second hydration layers in the rp = 0.21 nm pore, whereas in the rp = 0.34 nm
pore dehydration is significant only in the second hydration layer. The error bars are ± 1 block
standard error (BSE).
B. Solvation Shells
To calculate the solvation shells for each ion, we fix the ion in the center of a pore and
run equilibrium NVT simulations. Fig. S1 shows the radial distribution functions of oxygen
atoms with respect to the ion (K+ or Cl−) fixed in the bulk and in the center of the pore
in mono-, bi-, and tri-layer graphene. Fig. S2 shows the solvation shell around K+ and Cl−
ions fixed at the center of 0.21 nm pore on mono-, bi-, and tri-layer graphene. A similar plot
for 0.34 nm pore is shown in Fig. 1(b) of the main text. These plots show that in monolayer
graphene, the ion at the center of the pore can maintain most of its first hydration shell.
However, in bi- and tri-layer graphene there is a greater loss of water from first hydration
layer. The dehydration is even stronger in the second hydration layer, losing about 50 %,
80 %, and 90 % of water molecules in mono-, bi-, and tri-layer graphene, respectively. The
water molecules around the ion in the pore are spatially localized, thus giving fragmented
solvation shells. We note that in Fig. 2(b) of the main text, we calculate the fractional
3
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FIG. S2. Water density (within the y = 0 plane) quantified by its oxygen location around K+
and Cl− ions in bulk and mono-, bi-, and tri-layer graphene (shown as gray bars) pores with radius
rp = 0.21 nm. The white dotted circles demarcate the first and the second hydration layers. The
bi- and tri-layer graphene significantly excludes both the first and second hydration layers. For
monolayer graphene, however, most of the hydration layers are still present due to the atomic
thickness of the membrane (see Table S2). However, the water molecules are more localized than
in bulk.
dehydration with the ion within a distance 0.1 nm of its free energy maximum position
along z-axis, as this is the most relevant location in determining ion transport.
C. Free Energy Calculations
We calculate the free energy profile of an ion crossing the pore by using the adaptive
biasing force (ABF) method [7, 8] as implemented in NAMD2. We compute the free energy
barrier within a cylinder of radius rp and height of 3 nm centered at the origin. Fig. S3 shows
the free-energy profile for both K+ and Cl− ions and the difference in the free energies of
these two ions along the z-axis. The free energy barrier for each ion increases as we decrease
the pore radius or increase the number of graphene layers. Also, the difference in the free
energy barriers of K+ and Cl− increases for decreasing pore radius and increasing number of
graphene layers. The free energy barriers appear due to dehydration of ions in the pore (see
Fig. S4). As pore radius decreases and the number of graphene layer increases, the fractional
dehydration in the solvation shell of ion increases, as shown in Fig. S4 and Fig. 2(b) of the
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FIG. S3. Free energy barrier for K+ (red line) ion, Cl− (blue line) ion, and their difference (green
line) to translocate through the pore versus the z-location for radii 0.21 nm, 0.34 nm, and 0.48 nm
pores in mono-, bi-, and tri-layer graphene. The free energy barriers, as well as their difference,
increase with decreasing pore radius and with increasing number of graphene layers, thus making
the pore more selective. Error bars are ±1 standard error from five parallel simulations.
main text.
II. “QUANTIZED” IONIC CURRENT
Since the ion current density relates to the free energy barrier as Jν = Jν0e
−∆Fν/kBT
and the energy barrier is related to the number of waters lost from the solvation shell, the
ionic current is expected to have a step-like feature with respect to the pore size, as this
determines the extent of dehydration. We see indications of such step-like features in current
density, as shown in Fig. S5(a). However, the pore sizes themselves are “discretized” at this
length scale (and not perfectly circular), it is hard to determine if these features are sharp.
As we mention in the main text, irregularly shaped nanopores may allow one to examine
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FIG. S4. Fractional dehydration in the first and the second hydration layers for K+ and Cl− ions
translocating through pores of radius 0.21 nm, 0.34 nm, and 0.48 nm in mono-, bi-, and tri-layer
graphene. These results come from the same simulation as used to compute the free energy barrier.
Just like the free energy barrier, the dehydration increases with the decrease in the pore radius and
with the increase in the number of graphene layers. Fractional dehydration is always smaller in
the first hydration layer compare to the second hydration layer. However, due to the larger energy
of the first hydration layer, it still has a large contribution to the free energy barrier. Error bars
are ±1 standard error from five parallel simulations.
intermediate pore sizes and determine if these step features are indeed sharp. We leave this
for a future study, although it is clear from Fig. S5(a) that there is a change in current
density when the second (for bi- and tri-layer graphene) and first hydration layers (for all
cases) are encroached upon.
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FIG. S5. Current densities in the pore, JK = IK/pir
2
p and JCl = ICl/pir
2
p, and their ratio versus rp
for mono-, bi-, and tri-layer graphene membranes. There is no selectivity (IK/ICl ≈ 1) until both
the length and radius of the channel significantly encroach on the hydration layers. This occurs
for a larger radius for bi- and tri-layer graphene as both the first and second hydration layer are
more significantly diminished due to the larger pore length. Moreover, J is fairly constant for rp
greater than the second hydration layer radius (≈ 0.6 nm) and starts to drop as pore size decreases
further. The drop is much sharper below the first hydration layer (≈ 0.3 nm) to the extent that
we find no current for bi- and tri-layer graphene within the time of our simulations. The error bars
are ± 1 BSE.
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III. DATA
monolayer
rp (nm) 0.21 0.34 0.48 0.57 0.6 0.73 0.79 0.96 1.11 1.2
IK (nA) 0.048 0.33 1.03 1.56 1.87 2.77 3.18 5.03 6.6 7.8
ICl (nA) 0.006 0.28 1.03 1.59 1.79 2.84 3.29 4.94 6.7 7.7
IK/ICl 8 1.2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
bilayer
rp (nm) 0.16 0.34 0.48 0.57 0.6 0.73 0.79 0.97 1.11 1.2
IK (nA) 0 0.10 0.61 0.98 1.19 1.93 2.30 3.88 5.4 6.3
ICl (nA) 0 0.04 0.60 0.99 1.23 2.09 2.55 4.06 5.5 6.3
IK/ICl - 2.2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
trilayer
rp (nm) 0.14 0.34 0.48 0.57 0.6 0.73 0.79 0.97 1.11 1.2
IK (nA) 0 0.059 0.45 0.82 0.95 1.59 2.05 3.28 4.8 5.4
ICl (nA) 0 0.005 0.43 0.68 0.98 1.70 2.06 3.48 4.7 5.7
IK/ICl - 11 1.0 1.2 1.0 1.0 1.0 1.0 1.0 1.0
TABLE S1. K+ and Cl− currents and their ratio in pores of various radii in mono-, bi- and
tri-layer graphene. We measure the currents by counting the ions that cross through the pore.
There were no ion crossing events for the smallest pore in bi- and tri-layer graphene. The error in
current is ≈ 20 % for rp = 0.21 nm and ≈ 10 % for rp = 0.34 nm and ≈ 2 % for larger pores.. The
error in selectivity is shown in Fig. S5.
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K+ Cl−
rp = 0.21 nm rp = 0.34 nm rp = 0.21 nm rp = 0.34 nm
n1 n2 n1 n2 n1 n2 n1 n2
monolayer 4.7
(3.7)
13.1
(13.1)
7.6
(6.4)
15.9
(15.6)
5.1
(3.8)
15.4
(16.6)
7.7
(6.6)
17.8
(15.8)
bilayer 3.0
(2.8)
5.1
(7.0)
7.3
(6.4)
9.7
(7.9)
2.4
(2.4)
6.5
(7.0)
7.4
(6.6)
11.1
(7.9)
trilayer 4.0
(2.8)
2.1
(2.0)
7.3
(6.4)
8.2
(6.4)
4.0
(2.4)
2.2
(1.7)
7.7
(6.6)
8.8
(5.0)
bulk 6.8 23.0 6.8 23.0 7.4 26.3 7.4 26.3
TABLE S2. The average number of water molecules, 〈n〉, in the first and second hydration layer
for K+ and Cl− ions fixed at the center of the two smallest pores and in bulk. The error in 〈n〉
is ≈ ±0.01 in each case. The estimated water loss considering only the geometric confinement is
shown in parentheses. For the geometric estimate, mono-, bi-, and tri graphene is approximated
as a cylindrical hole of thickness 0.3, 0.6 and 0.9 nm, respectively.
K+ Cl−
rp = 0.21 nm rp = 0.34 nm rp = 0.21 nm rp = 0.34 nm
monolayer 2.0 1.3 -1.6 -1.5
bilayer 2.2 1.4 -1.9 -1.5
trilayer 2.1 1.3 -1.8 -1.4
bulk 1.4 1.4 -1.4 -1.4
TABLE S3. Average dipole orientation (in Debye) along the radial direction 〈pr〉 in the first
hydration layer of K+ and Cl− ions fixed in the center of the two smallest pores and in bulk. The
total dipole moment of individual water molecule in our model is 2.35 D, thus water molecule in
the rp = 0.21 nm pore in bi- and tri-layer graphene are almost perfectly oriented along radial
direction. The error in 〈pr〉 is ≈ ±0.01 in each case. Overall ion concentration is maintained at 1
mol/L in each case. When more water is excluded, especially from the first hydration layer, the
remaining water more strongly orients its dipole to energetically compensate for the water loss.
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